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Abstract. Transport intermediates (TIs) have a central
role in intracellular traffic, and much effort has been di-
rected towards defining their molecular organization.
Unfortunately, major uncertainties remain regarding
their true structure in living cells. To address this ques-
tion, we have developed an approach based on the
combination of the green fluorescent protein technol-
ogy and correlative light-electron microscopy, by which
it is possible to monitor an individual carrier in vivo and
then take a picture of its ultrastructure at any moment
of its lifecycle. We have applied this technique to define
the structure of Tls operating from the Golgi apparatus

to the plasma membrane, whose in vivo dynamics have
been characterized recently by light microscopy. We
find that these carriers are large (ranging from 0.3-1.7
pm in maximum diameter, nearly half the size of a
Golgi cisterna), comprise almost exclusively tubular-
saccular structures, and fuse directly with the plasma
membrane, sometimes minutes after docking to the fu-
sion site.
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Introduction

The secretory pathway of eukaryotic cells consists of a se-
ries of morphologically and biochemically distinct or-
ganelles that house enzymes and proteins dedicated to the
modification of secretory glycoproteins and their subse-
qguent delivery to a variety of noncytoplasmic destinations.
Secretory proteins are synthesized in the ER, transported
to and through the Golgi cisternae, and ultimately deliv-
ered to either the cell surface or the endosomal-lysosomal
system. Transport between intracellular organelles occurs
by means of membranous containers, also called transport
intermediates (TIs) or carriers, in which secretory proteins
become temporarily included during transfer from each
compartment to the next (Rothman and Wieland, 1996).
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Given the central role of Tls, much effort has been di-
rected towards defining their structure, dynamics, and mo-
lecular organization, and several models concerning their
nature have been proposed (Weidman, 1995; Rothman
and Wieland, 1996; Schekman and Orci, 1996; Bannykh
and Balch, 1997; Mironov et al., 1997; Pelham, 1997;
Schekman and Mellman, 1997). The classic vesicular traf-
fic scheme, for instance, posits that all Tls are small vesi-
cles (50-100 nm in diameter) that bud from donor and fuse
with acceptor organelles (for reviews see Rothman and
Wieland, 1996; Schekman and Orci, 1996). Recently, how-
ever, it has become apparent that nonvesicular structures
also play an important role in transport (for reviews see
Bannykh and Balch, 1997; Mironov et al., 1997; Pelham,
1997; Schekman and Mellman, 1997). In fibroblasts and
other cell types, large supramolecular cargos move along
the secretory pathway without entering carrier vesicles or
leaving the Golgi cisternae (Bonfanti et al., 1998). This in-
dicates that the cisternae themselves somehow behave as
transport intermediates by gradually maturing and pro-
gressing in the cis-trans direction (Bannykh and Balch,
1997; Mironov et al., 1997; Pelham, 1997; Schekman and
Mellman, 1997; Bonfanti et al., 1998). A similar matura-
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tion scheme has also been advanced for traffic from early
to late endosomes (Murphy et al., 1993). Furthermore, in
other studies, vesicular-tubular clusters rather than iso-
lated vesicles have been shown to operate as intermediates
between the ER and the Golgi complex (Bannykh et al.,
1997), and tubules have been suggested to mediate in-
tra-Golgi (Weidman, 1995; Mironov et al., 1997), retro-
grade Golgi-to-ER (Sciaky et al., 1997), and TGN to
plasma membrane (PM) transport (Hirschberg et al., 1998;
Toomre et al., 1999). Therefore, it appears that a unify-
ing vesicular paradigm for transport intermediates is no
longer sustainable, and the structure and dynamics of the
intermediates at each stage of the trafficking pathways
need to be reexamined using a new repertoire of concepts
and technologies.

The recent use of chimeras of secretory molecules with
green fluorescent protein (GFP) (Heim and Tsien, 1996)
has already yielded important new information about the
dynamics of carriers involved in transport from the ER
and the Golgi complex, and from the Golgi complex to the
PM (Presley et al., 1997; Scales et al., 1997; Hirschberg et
al., 1998; Nakata et al., 1998; Wacker et al., 1997; Toomre
et al.,, 1999). Golgi-to-PM carriers (GPCs), for instance,
appear to bud from the Golgi mass and move along micro-
tubules (MTs) towards the PM, where they fuse within 3-5
min after their appearance (Hirschberg et al., 1998). At
the light microscopy level, they appear generally larger
than individual vesicles (Hirschberg et al., 1998; Toomre et
al., 1999), albeit not always (Toomre et al., 1999), and
seem to have roughly tubular structures, which often
change shape as they move.

Unfortunately, however, the spatial resolution of light
microscopy is too limited to provide significant informa-
tion regarding the true fine structure of the GPCs. To date,
the precise size and shape of these transport intermedi-
ates, their physical relationships with other organelles, and
even whether they are composed completely or in part of
clusters of transport vesicles, is not known. These ques-
tions have important mechanistic and functional implica-
tions and must be addressed if the nature of these trans-
port organelles is to be understood. To resolve these
issues, one would ideally like to use a microscopical
method combining the capability of GFP technology to
follow dynamically each stage of a TI lifecycle with the
spatial resolution of EM. This is beyond today’s technol-
ogy, but a partial answer can be provided by correlative
light electron microscopy. An attempt in this direction has
been made recently by Nakata et al. (1998) in a study in
which a long tubule-like carrier containing GFP-tagged
PM proteins was followed in vivo during transport along
the axon of neurons from the cell body to the PM. The
area of the axon containing the same carrier was then ex-
amined by EM, and found to contain tubular structures.
Unfortunately, however, this approach does not allow the
identification of the very same TI at both the light and EM
levels, and as a consequence, the ultrastructure of an ob-
ject defined as a T1 based on the observation of its in vivo
dynamics cannot be known with certainty. Moreover, the
method is unsuitable for determination of structure by
three-dimensional (3D) reconstruction.

Here, we have overcome these problems by developing
a new correlative microscopy approach by which, for the
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first time, the experimenter can follow individual TIs dy-
namically in vivo via GFP, and then take a snapshot of the
3D ultrastructure of the very same TI at any moment of its
lifecycle, for instance, during formation, transit through
the cytosol, or fusion with the target membrane. We have
applied this technigue to analyze constitutive Tls operat-
ing from the Golgi complex to the PM, since the in vivo dy-
namics of these carriers have been already characterized by
light microscopy (see above). We find that constitutive
GPCs are often large, sometimes as large as half a Golgi cis-
terna, are tubular-saccular in shape, and fuse with PM en
bloc, usually several seconds after docking to the fusion site.

Materials and Methods

Cells and Reagents

NRK and COS-7 cells were grown on CELLocate coverslips (Eppendorf
S.r.l.) in DME supplemented with 10% FCS and 1 mM L-glutamine. Un-
less otherwise noted, all chemicals and reagents were obtained as de-
scribed previously (Bonfanti et al., 1998; Polishchuk et al., 1999). Poly-
clonal antibodies against vesicular stomatitis virus G protein (VSVG)
lumenal domain, B-COP, mannose-6-phosphate receptor, human cathep-
sin D, mAbs against giantin or transferrin receptor, the temperature-sen-
sitive strain (ts-O45) of VSV were generous gifts from Drs. K. Simons
(European Molecular Biology Laboratory, Heidelberg, Germany), J. Lip-
pincott-Schwartz (National Institutes of Health, Bethesda, MD), T.
Braulke (University of Goettingen, Goettingen, Germany), C. Isidoro
(Amedeo Avogadro University, Novara, Italy), H.-P. Hauri (University of
Basel, Basel, Switzerland), and B. Goud (Institute Curie, Paris, France).
The ts-O45 VSVG cDNA was donated by Dr. J. Rose (Yale Univer-
sity, New Haven, CT). The mAb against TGN38 was from Affinity
BioReagents, Inc., the one against Trop2 was from Dr. C.E. Klein (Uni-
versity of Wirzburg, Wirzburg, Germany), and mAbs against y-adaptin,
a-tubulin, as well as rabbit anti-mouse 1gG-Cy3 conjugate, goat anti-rab-
bit 1gG-Cy3, and rabbit anti-goat 1gG-Cy3 conjugates were from
Sigma-Aldrich S.r.l. Alexa™ 488 goat anti-mouse 1gG conjugate and the
Alexa™ 488 goat anti-rabbit 1gG conjugate were from Molecular Probes
Europe BV. HRP-conjugated Fab fragments of goat anti-rabbit and anti-
mouse 1gG were from BioSys. GFP cDNA and recombinant S65T-GFP
standard protein were from Clontech. Wheat germ agglutinin (WGA) and
AlloA lectins conjugated with 10 nm colloidal gold particles were from EY
Laboratories, Inc. Cationized gold, protein A-gold, and anti-rabbit gold
antibodies were from British BioCell.

Construction of the VSVG-GFP Fusion Protein

The VSVG ts-0O45 gene was amplified by PCR from the recombinant con-
struct pSV045-2 (Gallione and Rose, 1985) using as forward primer,
GCGGAATTCACACTATGAAGTGCCTTT, and as reverse primer,
GCGTCTAGACTTTCCAAGTCGGTTCATC. The PCR product was
then ligated in frame with a S65T mutant GFP, using the EcoRI and Xbal
restriction sites inserted in the forward and reverse primers, respectively.
The fusion protein comprises an NH,-terminal VSVG and COOH-termi-
nal GFP, linked by the SRRVISH synthetic sequence. The corresponding
fusion cDNA was subcloned in a pRKS5 plasmid for expression in eukary-
otes.

Cell Transfection and Infection with VSV

COS-7 cells were transfected with cDNA encoding VSVG-GFP with Li-
pofectamine Plus (GIBCO BRL) according to the manufacturer’s instruc-
tions. After transfection, cells were washed and then incubated overnight
at 32°C and observed at the confocal microscope at the same temperature
(i.e., at steady state conditions), fixed, and prepared for further immuno-
fluorescence and EM analysis. Alternatively, transfected cells were kept
at 40°C for 10-12 h to accumulate VSVG-GFP in the ER as described
(Presley et al., 1997). Cells were then shifted from 40 to 20°C for 3 h in the
presence of cycloheximide (50 pwg/ml) to accumulate VSVG-GFP in the
trans-Golgi. After the 20°C temperature block (or in some cases, directly
after the 40°C block), cells were shifted to 32°C and analyzed with time-
lapse confocal microscopy or prepared for immunofluorescence, immuno-
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electron microscopy, or correlative light-EM. Cell infection with ts-O45
VSV and release of VSVG from the temperature block was performed as
described (Bergmann, 1989). To label the endocytic compartments, in
some cases VSVG was released from the 40 or 20°C blocks in the presence
of either 4 p.g/ml WGA-gold, AlloA-gold, or 7 wg/ml cationized gold. Cell
transfection with cDNA encoding the extracellular domain of Trop2 pro-
tein (Alberti et al., 1992) fused with wild-type GFP (El Sewedy et al.,
1998) was performed as described above. After transfection, cells were
kept for 2-3 h at 20°C, then observed at 37°C under the confocal micro-
scope in the presence of endocytic tracers as above and prepared for im-
munoelectron microscopy.

Light and Immunoelectron Microscopy Analysis

Time-lapse analysis, quantification of fluorescence, and double immunola-
beling were performed as described (Bonfanti et al., 1998; Polishchuk et al.,
1999). Quantification of VSVG-GFP was performed using recombinant
S65T-GFP protein as described (Hirschberg et al., 1998). For Quick-
Time™ movie sequences see http://cmns.mnegri.it/~polish/ TGN-PM. For
immunoelectron microscopy, cells were fixed with 4% formaldehyde and
0.05% glutaraldehyde in 0.15 M Hepes, pH 7.3, for 10 min at 37°C and
then postfixed for 50 min with 4% paraformaldehyde in the same buffer at
room temperature as described (Polishchuk et al., 1999). Serial sectioning
and 3D reconstruction was performed as described (Bonfanti et al., 1998).

Correlative Light-EM

Identification of Transport Intermediates within the Cell. After formation,
individual GPCs containing VSVG-GFP were observed by time-lapse
confocal microscopy both in synchronized and steady state cells. In each
experiment, a single GPC was identified and its behavior was monitored
and recorded. At a convenient time after the formation of a given carrier
from the Golgi, i.e., at a time when the intermediate was relatively distant
from other VSVG-GFP tagged objects, cells were fixed with 4%
paraformaldehyde and 0.5% glutaraldehyde (see above), and the cell was
optically sectioned to confirm the absence of other GFP-positive struc-
tures in the optical planes above and below the GPC. The cell was then
identified and photographed by phase-contrast microscopy and treated
for immunoelectron microscopy peroxidase labeling of the lumenal
epitope of VSVG (Polishchuk et al., 1999). After resin polymerization, the
CELLocate coverslip was dissolved in 40% hydrofluoric acid. The pattern
of immunoperoxidase labeling in the cell of interest was photographed on
a Zeiss Axiophot microscope and this image was superimposed with the
VSVG-GFP fluorescence pattern of the same cell. At this time, other cel-
lular structures that could later serve as spatial reference markers to iden-
tify the GPC of interest at the EM level were also identified (see Fig. 2).
The sample was trimmed to obtain a small pyramid with the cell of inter-
est in the center and covered by a thin layer of a freshly prepared resin,
which was polymerized for an additional 12 h. The cell was then sectioned
at an angle of 4° to the plane of its base. The edge between the freshly po-
lymerized layer of resin and the sample containing the cell was clearly vis-
ible on serial sections. When this margin reached the cell, serial thick (200
nm) sections were collected with a loop (Perfect Loop; Agar) on slot grids
covered with carbon-formvar supporting film and observed by EM with-
out additional staining. The 3D reconstruction of serial sections and calcu-
lation of GPC surface area was performed with SURFDriver 3.0 software
as described (Bonfanti et al., 1998).

Identification of Transport Intermediates Fusing with the PM. Cells were
observed using laser scanning confocal microscopy as described above and
fixed during fusion of GFP fluorescent structures with PM. After fixation,
cells were not permeabilized, but were incubated directly with antibodies
against the VSVG ectodomain. Next, HRP-conjugated goat anti-rabbit
19G Fab fragments were added as a bridge, and finally anti-goat Cy3-con-
jugated antibodies were applied. In some experiments we used anti-goat
gold-conjugated antibodies instead of Cy3 conjugates. Cells incubated
with both fluorochrome- and HRP-conjugated secondary antibodies were
first visualized under the confocal microscope to visualize GFP-positive
structures labeled with antibody. HRP development was then performed
as described (Polishchuk et al., 1999). By this means, the VSVG molecules
exposed to the extracellular space (including those from GPC fusing with
PM) were stained and then identified under the electron microscope as
described above. For experiments with scanning EM, 30-nm gold particle—
conjugated protein A was then added to detect the primary antibody. Fi-
nally, cells were stained with OsO,, dehydrated, dried in a HCP-2 critical
point drying device (Hitachi Ltd.), and coated with gold in a JFC-110 sput-
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terer (Hitachi Ltd.). Cells of interest were thus located on the CEL Locate
grid under a Philips XL 20 scanning electron microscope. Areas of GPC
fusion with the PM were found using reference marks on the cell surface
and the pattern of gold labeling at the fusion site was photographed.

Results

Recent studies have characterized the in vivo dynamics of
post-Golgi carriers using as a transport marker the G pro-
tein of the ts-045 mutant strain of the VSV tagged with
GFP (VSVG-GFP) (Hirschberg et al., 1998; Toomre et al.,
1999). The VSVG protein has been widely used to study
anterograde transport because it misfolds and is retained
in the ER at 40°C, but it refolds and moves synchronously
out of the ER upon lowering the temperature to 32°C
(Bergmann, 1989). As part of our correlative light-EM ap-
proach, the dynamics of VSVG-GFP traffic in living cells
was first characterized under conditions appropriate for
this methodology.

In Vivo Dynamics of the Carriers Operating between
the Golgi Complex and the PM

The VSVG protein was tagged with GFP and used to
transfect COS-7 cells. After transfection, cells were left to
recover for 4-5 h at 37°C, and then kept at 40°C for 8-12 h
(Presley et al., 1997). At the end of this period, VSVG-
GFP fluorescence was localized exclusively to the ER (Fig.
1 a). Cells were then shifted to the permissive temperature
(32°C) and cycloheximide was administered to prevent
further synthesis of the protein. 5 min later, bright fluores-
cent structures of apparent sizes between 250 and 1,200 nm
began to appear throughout the cytoplasm and moved to-
wards the cell center with maximal speeds of up to 1.5 pm/s.
Judging from these characteristics, such objects are likely
to be the ER-to-Golgi carriers described recently by Pres-
ley et al. (1997) and Scales et al. (1997). After 10 min, a
significant amount of VSVG-GFP fluorescence had redis-
tributed to the juxtanuclear Golgi area (Fig. 1 b). 30-40
min later, a second wave of fluorescent objects started to
depart from the Golgi apparatus and move in the opposite
direction (from the Golgi apparatus towards the cell pe-
riphery), and then appeared to deliver VSVG-GFP to the
PM (Fig. 1 c; see movie 1.2), presumably by fusing with it
(see below). These objects represent GPCs.

Many GPCs appeared to detach from tubular extensions
dynamically protruding from the Golgi body, and moved
away as units of apparent sizes between 0.5 and 1.5 pm
(movies 1.2, 1.3, and 1.4). Detachment was usually pre-
ceded by the rounding-up of the extension tip, which was
then severed into a GPC (movie 1.4, arrowhead). Other
GPCs seemed to abruptly dart out of the Golgi mass, pos-
sibly because the extensions from which they detached
were hidden by the overlapping Golgi mass. The forma-
tion of GPCs did not seem to involve concentration of
cargo; also, GPCs did not change fluorescence after for-
mation (Fig. 1 i), and fission and fusion events among
them were rare. After exit from the Golgi apparatus, most
but not all GPCs translocated rapidly towards the periph-
ery (Fig. 1, d and e) at a speed of up to 2 um/s (Fig. 1 f), al-
though sometimes they transiently inverted direction of
movement (Fig. 1, e and f). Some GPCs, instead, did not
move centrifugally after exiting the Golgi apparatus (see
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Figure 1. Transport of
VSVG-GFP and GPC dy-
namics in living cells. COS-7
cells expressing VSVG-GFP
were incubated for 12 h at
40°C and then shifted to 32°C
for observation by time-lapse
microscopy. VSVG-GFP flu-
orescence exhibited a typical
ER pattern in cells incubated
at 40°C (a). As soon as 10
min after the temperature
shift, numerous bright spots
(arrows) appeared in the cy-
toplasm and also in the Golgi
area (b), and after 50 min (c;
movie 1.2) most fluorescent
spots were moving out of the
Golgi complex. Three VSVG-
GFP-positive GPCs depart-
. o ing from the Golgi were ob-
! — served (d). The paths of these

0 S0 e three GPCs (e) are indicated
by their successive positions
(recorded every 3 s) with ar-
rows pointing in the direction
of motion. Also shown is the
velocity (wm/s, on the y-axis)
of the three GPCs at differ-
ent times after exit from the
Golgi complex (f). Negative
values indicate backward
movement. Two GPCs were
observed by time-lapse mi-
croscopy every 3 s for 60 s af-
ter exit from the Golgi com-
plex. Cells were then fixed
and immunolabeled for
a-tubulin. Images represent-
ing successive positions of
GPCs (arrowheads) were
electronically overlaid to re-
construct the trajectory of the
GPCs (g). These trajectories
were then electronically su-
perimposed (using CELLo-
cate coordinates) with the
a-tubulin pattern (h). The
positions of GPCs at any
given time coincide with at
least one microtubular struc-
ture (h). The fluorescence in-

Time (s)

Time (sec)

—8—Structure |
= ==0 - - Population average = s.d.

Time (s}

tensity (i, y-axis) of GPC#1 in d at different times after exit from the Golgi complex, was normalized to its fluorescence at the time of
exit (i, filled circles). Also shown (i, open circles) are the average values of normalized fluorescence (calculated as described above) rel-
ative to the entire population of GPCs in the same cell at different times after formation. GPCs containing VSVG-GFP (arrows) were
monitored in living cells after warm-up from 20 to 32°C (j-I). Cells were then fixed while still recording and immunolabeled for cathep-
sin D (m). Colocalization of cathepsin D (red) and VSVG-GFP (green) was estimated using confocal microscopy. A clear colocaliza-
tion was found in the Golgi area, whereas no significant colocalization was found in the GPCs (m, arrows). Bar: (a—c) 8 wm; (d, e, g, and

h) 3 wm; and (j-m) 3.2 wm.

Discussion). Fig. 1 e maps the movement of three GPCs
for 60 s after their formation. The speed and trajectories of
the GPCs suggested that their movement might be medi-
ated by MTs. This was confirmed by two types of experi-
ments. First, the trajectories of the GPCs were compared
with the disposition of the tubulin-based cytoskeleton
(Fig. 1, g and h). Fig. 1, g and h, shows that, indeed, the tra-
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jectories of GPCs precisely overlap with MTs radiating to-
wards the periphery. Second, cells were treated with the
MT-depolymerizing agent, nocodazole. GPC movements
were nearly completely inhibited (data not shown) by the
drug, although the transfer of VSVG-GFP from the Golgi
complex to the PM was not dramatically affected by no-
codazole (data not shown). This agrees with previous stud-
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ies (Hirschberg et al., 1998; Lippincott-Schwartz, 1998),
indicating that although MTs are required for GPC move-
ment, they are not strictly necessary for cargo delivery to
the PM (see Discussion). After arrival to the cell periph-
ery, VSVG-GFP carriers either fused with the PM imme-
diately, or remained for a few minutes near the PM before
fusion, while displaying minor oscillatory movements. It
should be noted that at this stage we tentatively define as
fusion with the PM the apparent dissolution of the fluores-
cent GPCs within the focus plane of the PM, although in
fact, only by ultrastructural analysis it is possible verify
that these images really correspond to GPC-PM fusion
events (see below). The average lifetime of GPCs from
budding to fusion was ~3 min, although some VSVG-GFP
carriers fused with the PM within tens of seconds of their
appearance (movie 1.3, inset).

To investigate whether transport via GPCs is linked
with endocytic or Golgi-to-lysosome routes, a number of
GPCs were identified and monitored for several sec-
onds after their appearance (Fig. 1, j-I). Cells were then
fixed and labeled with antibodies against the TGN-lyso-
somal protein markers cathepsin D (Fig. 1 m), mannose-
6-phosphate receptor, and y-adaptin, the early endosomal
marker transferrin receptor, or the Golgi markers B-COP
and giantin. None of these proteins was found to localize
on the GPCs. An exception was a minor fraction of the
GPCs in the vicinity of the Golgi complex, which appeared
to stain for y-adaptin. Thus, GPCs do not seem to share
components with the Golgi complex or with endosomes.

We then asked whether the GPCs we observed could
explain the overall rate of transport of VSVG-GFP out of
the Golgi complex. To this end, we accumulated all the
cargo protein in the Golgi complex by using the 20°C
block method. This is a well-known procedure to inhibit
export from the Golgi complex without preventing import
from the ER. Transfected cells were shifted from the non-
permissive temperature of 40°C to 20°C for 2 h in the pres-
ence of cycloheximide, then warmed to 32°C. At this tem-
perature, accumulated protein rapidly exits the Golgi
complex into the GPCs and moves towards the PM (Grif-
fiths et al., 1985). Using these conditions, the amount of
fluorescent cargo transported in GPCs out of the Golgi
and that lost from the Golgi mass per unit of time can
be measured and compared. We find that the average
VSVG-GFP content of one GPC as assessed from the to-
tal integrated fluorescence of individual GPCs (see Mate-
rials and Methods), accounts for 0.4-0.5% of the VSVG-
GFP in the Golgi body, and the frequency of budding of
GPCs is 3-5 per min. Thus, the GPC-mediated component
of VSVG-GFP export from the Golgi complex can be cal-
culated to have a t;;, of ~40 min (assuming a simple expo-
nential process). This value was compared with the overall
rate of decrease in VSVG-GFP fluorescence of the Golgi
mass itself, the t;;, of which was ~25 min. This indicates
that a major fraction (~60%) of VSVG-GFP export from
the Golgi complex is mediated by GPCs departing towards
the periphery of the cell. Finally, control experiments were
carried out to assess whether our experimental conditions
produced nonphysiological events. First, the behavior of
the VSVG-GFP construct was compared with that of the
native VSVG protein using the 20°C block protocol. Sec-
ond, the features of the GPCs formed after the 20°C tem-
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perature block were compared with those of GPCs formed
under steady-state conditions of transport (accumulation
in the ER at 40°C followed by shift to 32°C for 50 min; see
legend to Fig. 1). Moreover, the GPCs were examined in
cells exhibiting different levels of expression of VSVG.
The features of the GPCs were very similar under all of
the above experimental conditions (data not shown).
Third, the general morphology and behavior of GPCs con-
taining a different unrelated fluorescent protein cargo, a
chimera between the soluble portion of the membrane
protein Trop2 and GFP (sTrop2-GFP, available in the lab-
oratory), were similar to VSVG-GFP-labeled GPCs (data
not shown).

Altogether, these observations are in line with recent re-
ports on GPC dynamics (Hirschberg et al., 1998; Toomre
et al., 1999), and provide sufficient background to under-
take the correlative light-EM analysis of the GPCs.

Ultrastructure of the GPCs in Transit between the Golgi
and the PM

As noted above, the principle of our GFP-based correla-
tive microscopy approach is to monitor individual VSVG-
GFP-containing GPCs in vivo by fluorescence microscopy,
and then identify the very same GPC in samples prepared
for EM by fixation and immunoperoxidase labeling. This
labeling technique is a crucial one, because the stain
clearly delineates the internal profile of the labeled struc-
tures, thereby facilitating the recognition of the same in-
termediate in consecutive serial sections, and hence allow-
ing its 3D reconstruction. Once labeled, the GPC of
interest can be identified in EM sections by the use of both
the CELLocate system of coordinates, and of suitable in-
tracellular structures as spatial reference marks. In prac-
tice, single GPCs are selected after exit from the Golgi
complex, and their behavior is monitored as described
above. At a convenient time (in general when the GPCs
are relatively distant from other VSVG-GFP-tagged
objects) cells are fixed. Fixation induces a moderate de-
crease in GFP fluorescence and immediately terminates
all movements within the cell (see movie 3.1), but does
not cause any detectable change in the structure of the
GFP-positive objects. Cells are then immunoperoxidase-
labeled for VSVG, embedded in Epon, cut into thick (200
nm) serial sections for EM, and the object of interest is
identified as described (Fig. 2 and Materials and Methods).

Experiments were run on GPCs formed either under
steady state conditions or after a 20°C block. Fig. 2 shows a
GPC that departed from the Golgi in a cell kept at 32°C
since transfection (steady state). This GPC detached from
a tubule-like structure emanating from the Golgi complex
and moved towards the cell periphery along a curvilinear
path at a speed of about 0.5 wm/s (movie 2.1) until fixed,
66 s after its appearance (Fig. 2 a). Immunofluorescent
staining indicated the absence of lysosomal-endosomal
markers within this GPC (data not shown). After immu-
noperoxidase labeling and Epon embedding, the cell was
localized on the CEL Locate grid (Fig. 2 ¢) and the GPC of
interest was identified (Fig. 2 b), serial sectioned, and 3D
reconstructed (Fig. 2, h—q) using the reasonable assump-
tion that matching immunoperoxidase-stained images in
consecutive sections represent continuous structures. The
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Figure 2. In vivo dynamics and ultrastructure of individual GPCs studied using correlative light-EM. The GPC in a (arrow) was picked
out in vivo by time-lapse confocal microscopy (see movie 2.1). After fixation (see Materials and Methods), cells were immunoperoxi-
dase-labeled and embedded in resin. The structure in b (arrow) was identified as the fluorescent GPC shown in a by electronic superim-
position of the two images in a and b using CEL Locate coordinates (an example of which is shown in c). As can be seen, the general pat-
tern of immunoperoxidase labeling in b coincided with the fluorescent pattern of VSVG-GFP in a. Serial sections of the cell were then
produced (d—f) and the first section displaying the T1 (g, arrow) was captured at low magnifications (f and g). Note that the sections con-
tain structures helpful for identification, for example, a protrusion (c-f, arrowheads). h—q represent a series of consecutive 200-nm sec-
tions containing the GPC (arrows). The field shown in h-l is the area of the cell identified with a white box in g. 3D reconstruction char-
acterizes the GPC as an elongated sacculus with a short tubular protrusion (r and s). Other GPCs identified using the same approach
appeared either as tubules (t, arrow) or sacculus with short tubules (u, arrow). Bar: (aand b) 9 pm; (c) 31 pm; (d-f) 12.2 wm; (g) 6 pm;
(h-1) 2.1 pm; (m-q) 700 nm; (r and s) 320 nm; and (t and u) 1.2 pm.

GPC was ~1,200 nm long and 600 nm wide, and appeared
as a slightly flattened sacculus with a short tubular protru-
sion 100 nm in diameter. Curiously, it was associated with
a mitochondrion, although the membranes of both or-
ganelles were clearly separated from each other (Fig. 2, o
and p), and in some sections it also appeared to be located
near the PM (Fig. 2, | and qg). The other five GPCs were
identified with the same approach; they all ranged from
400-1,700 nm in size and were tubular-saccular in shape.
Examples of single sections of the other two GPCs are
shown in Fig. 2, t and u. Next, a similar series of observa-
tions was made using the 20°C block protocol. At this tem-
perature, no GPCs were seen to depart from the Golgi
complex. When cells were shifted to 32°C, three to five
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GPCs appeared every minute. Fig. 3 summarizes our ob-
servations of 2 of 10 intermediates studied. These GPCs
departed from the same Golgi area 5 min after the temper-
ature shift. The first appeared ovoid, with a longer diame-
ter of ~1.2 um, and moved centrifugally with an average
speed of ~1 pm/s. The second GPC was smaller and dis-
played significant changes in shape during its movement.
It was slower (0.75 pm/s) than the first, and traveled for a
longer time. The two intermediates apparently crossed
each other’s path, and were fixed ~40 s after formation
when they were still close to each other but already clearly
separated (movie 3.1; Fig. 3, a and b). As shown in the 3D
reconstructions (Fig. 3, i-k) obtained from serial sections
(Fig. 3, c-h), the first GPC was a slightly bent 1,600-nm
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Figure 3. Dynamics and ul-
trastructure of individual
GPCs as determined by
correlative light-EM after
release from a 20°C block.
A VSVG-GFP-expressing
COS-7 cell growing on a
CELLocate coverslip was
observed after 20-32°C shift
in vivo using time-lapse con-
focal microscopy (movie 3.1;
a, arrow and arrowhead). To-
wards the end of the observa-
tion period, the cell was fixed
and processed for immuno-
peroxidase labeling. Two
GPCs (b, arrow and arrow-
head) were identified as the
fluorescent GPCs shown in a
on the basis of their coordi-
nates. The general pattern of
peroxidase labeling coin-
cided with the fluorescence
pattern of VSVG-GFP (com-
pare a and b). To confirm
this, the inverted fluorescent
image of VSVG-GFP-con-
taining GPCs was overlaid
on conventional light images
to use intracellular structures
(open arrowhead in b, appar-
ently an aggregate of osmio-
philic lipid droplets; see also
c-h) as reference points in
the identification of the
GPCs. c-h represent consec-
utive serial 200-nm sections
performed almost tangen-
tially to the basal surface of
the cell. Both GPCs (filled
arrowhead and filled arrow)
were identified in serial sec-
tions on the basis of VSVG-
GFP labeling and their posi-
tion relative to the aggregate
of lipid droplets (b-h, open
arrowhead). 3D reconstruc-
tion displayed one GPC as a
long tubule (i-k, arrow),
whereas the other GPC con-
sisted of globular head and
tubular tail (i-k, arrowhead).
Bar: (a—c) 10 wm; (c-h) 400
nm; and (i-k) 800 nm.



long tubule, with a diameter of ~250-270 nm, and slightly
swollen at its ends. Interestingly, this was the GPC that ap-
peared ovoid by fluorescence microscopy, underscoring
the fact that EM is essential to define even the general
shape of objects in this size range (Griffiths et al., 1993).
The second intermediate had a more complicated mor-
phology. It was an 800-nm long tubule, 250-270 nm in di-
ameter, which continued into a 750-nm long and ~450-nm
wide saccule (Fig. 3, i-k). The other eight GPCs examined
with this technique appeared tubular-saccular in shape
and varied from 500-1,700 nm in longer diameter. Alto-
gether, there was no significant difference in size and
shape between GPCs formed at steady state and after a
20°C block. All GPCs were clearly immunolabeled for
VSVG, demonstrating the efficiency of the staining tech-
nigque.

Ultrastructure of the GPCs during Fusion with the PM

As noted above, fusion of a GPC with the PM is assumed
to occur when the GPC-associated fluorescence rapidly
dissolves in what appears to be the plane of the PM at the
light microscopy level (Hirschberg et al., 1998; Toomre et al.,
1999; this paper) (see above). However, these images do
not allow to formally exclude that the fluorescent VSVG-
GFP-containing carriers might fuse with an intracellular
organelle close to the PM rather than with the PM itself, or
that these carriers might just disappear without in fact fus-
ing, simply because they might move rapidly out of the
plane of focus near the cell surface. To address these con-
cerns, we designed experiments to visualize the fusion
(disappearance) of the GPCs with the PM by correlative
light-EM. Individual GPCs were first followed at the GFP
level and then fixed exactly at the time at which they
seemed to dissolve/fuse within the PM. In addition, some
cells were fixed while the GPC of interest was docked onto
the PM after terminating its movement through the cyto-
plasm but before disappearing/fusing (see above). To ex-
amine whether GPC-PM fusion had indeed occurred, cells
were exposed to antibodies against the ectodomain of
VSVG without previous permeabilization in order to en-
sure that only VSVG-GFP molecules on the cell surface
(as a result of GPC fusion) were detected. Finally, cells
were stained by either fluorescent and/or HRP- and/or
gold-labeled secondary antibodies. Fig. 4, a—c, shows a cell
in which two GPCs were monitored by GFP. The first (ar-
rowhead) moved through the cytosol following an irregu-
lar trajectory for 100 s, and then dissolved within the plane
of the PM (Fig. 4, a and b; movie 4.2). At this instant, the
cell was fixed. The second GPC (arrow) wandered through
the cytosol for 80 s before docking to the membrane, then
it remained there for 20 s before the cell was fixed, exhibit-
ing the characteristic oscillatory movements of docked
GPCs (see above). Cells were then stained by a fluores-
cent secondary antibody. The image in Fig. 4 ¢ (overlap
between green GFP and red anti-VSVG antibody fluores-
cences), shows that exactly at the site at which the first
GPC appeared to dissolve, there was indeed an accumula-
tion of VSVG at the extracellular surface, indicating that
this was most likely a true fusion site. A surprising finding
was that the second (docked but apparently not yet fused)
GPC also became stained by the extracellular anti-VSVG
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antibody (Fig. 4 c, arrow), suggesting that docked GPCs
can establish transient connections with the PM before de-
livering their content to the cell exterior. This was not a
rare event. In fact, staining of docked GPCs was a fairly
common observation. In contrast, GPCs in transit in the
cytosol never accumulated extracellular anti-VSVG anti-
body.

The ultrastructure of the fusing carriers was then deter-
mined by immunoperoxidase labeling and EM. Cells were
treated as above and then further exposed to HRP-conju-
gated antibodies against the secondary antibody used for
VSVG immunofluorescence. Fig. 4, d and e, shows a fluo-
rescent GPC fusing with the PM at the cell edge (movie
4.3) at both the light microscopy (Fig. 4, d-f), and EM
(Fig. 4 g) levels. The fusing GPC has the appearance of a
roundish structure 400 nm in diameter lacking a visible
coat or escorting vesicles from which HRP-labeled content
appears to diffuse away along the plane of the PM. The
other four GPCs were analyzed in the same way, and ex-
hibited similar structures. Curiously, two neighboring mi-
crovilli also intensely stained for VSVG. The propensity of
microvilli to accumulate secreted VSVG has been re-
ported previously; however, the reasons of this phenome-
non remain unknown (Brown and Salomonsky, 1985). To
ensure that the stain on the PM was not due to artifactual
diffusion of the HRP reaction product, these experiments
were also performed by combining HRP and immunogold
labeling protocols (see Materials and Methods). An exam-
ple is shown in Fig. 4 h. Again, the GPC fusion site and the
neighboring surface exhibited strong HRP staining, and in
addition, a density of gold particles much higher than in
the rest of the PM (Fig. 4 h). Finally, the organization of
fusion sites was also studied by a combination of GFP
technology and scanning EM. The GPC in Fig. 5, a—e, was
monitored from formation until fusion/disappearance in
the PM (movie 5.1). Cells were fixed, immunogold-labeled
with antibodies against the lumenal domain of VSVG, and
prepared for scanning EM (see Materials and Methods)
(Fig. 5 f). The site where the GPC had dissolved contained
a much higher concentration of gold particles than the rest
of the PM (Fig. 5 g), confirming that this was a bona fide
fusion with the PM. The only structural feature presented
by such sites was a slight roundish invagination (~400
nm in diameter) of the cell surface. In conclusion, collec-
tively, our observations demonstrate that the intermedi-
ates forming from the Golgi complex indeed fuse directly
with the PM, and therefore represent fine GPCs.

Independence of GPC Ultrastructure from Type and
Concentration of Cargo

The demonstration that GPCs are generally larger than a
traditional transport vesicle and have tubular-saccular
shapes might raise questions as to whether the large GPCs
we observe are physiological. For instance, it might be ob-
jected that these GPCs might result from a distortion and
enlargement of a small vesicular carrier due to an exces-
sive concentration of transfected VSVG-GFP, a large
transmembrane cargo protein. To address this concern, we
adopted two approaches: (a) to measure the density of
VSVG-GFP in the GPC membrane; and (b) to carry out
similar experiments using a different soluble secretory
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protein to tag GPCs. The correlative microscopy approach
makes it possible to calculate the density of VSVG-GFP
in GPCs, since the surface area of a GPC can be estimated
from 3D reconstruction data, and the number of molecules
of VSVG-GFP (3,000) in a given GPC can be measured
from the integrated fluorescence of the GPC using com-
mercial S65T-GFP as a standard (see Materials and Meth-
ods). The GPC analyzed in Fig. 2 turns out to have a sur-
face area of 3.2 wm? and contains 7,000 VSVG molecules.
Therefore, the overall density is about one VSVG trimer
per 1,370 nm2. It has been calculated that the lipidic an-
nulus around a membrane protein measures ~25 nm?
(Hirschberg et al., 1998); even adding to this the trans-
membrane domains of the VSVG trimer, this surface rep-
resents a small fraction (~3%) of the 1,370 nm? available
to each trimer. This is not a concentration that would be
expected to perturb the geometry of a carrier. For compar-
ison, the concentration of a single protein such as band 3
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Figure 4. Fusion of GPCs
with PM by correlative light-
EM. A VSVG-GFP trans-
fected cell (a—c) was fixed
exactly when one of the
Golgi-derived fluorescent
spots (a and b, arrowheads)
started to disappear (b, ar-
rowhead; movie 4.2). The cell
surface was then labeled
without permeabilization us-
ing antibodies against the
VSVG ectodomain detected
by anti-rabbit Cy3-conju-
gated antibodies (c, red).
Both fuzzy- (c, arrowhead)
and sharp-appearing (c, ar-
row) GPCs were accessible
by antibodies, suggesting
their contact with the PM.
- The same approach was used
to stain another GPC under-
going fusion (movie 6.3; d-g,
arrowhead) using HRP-con-
jugated secondary antibod-
ies. After resin embedding (f)
and sectioning (g), the GPC
(fand g, arrowhead) could be
easily located using the mi-
crovilli (e-g, arrows) as refer-
ence marks. Double-labeling
of VSVG using immunoper-
oxidase and immunogold
protocols shows patches of
both HRP labeling and 10-
nm gold particles (h, small
arrows) at the GPC fusion
site (h, arrow). Bar: (a—c) 9.5
pm; (d-f) 7.5 wm; (g) 930 nm;
and (h) 480 nm.

protein or glycophorin in the erythrocyte membrane is six-
fold higher than that of VSVG in a GPC (~1 dimer per
200 nm?). Finally, an empirical confirmation that the con-
centration of VSVG-GFP does not affect the geometry of
its carriers comes from the fact that GPCs in cells with
lower levels of VSVG expression than that in Fig. 2 have
the same pleomorphic shapes. For the second approach,
we made use of the soluble sTrop2-GFP secretory chimera
(Alberti et al., 1992; EIl Sewedy et al., 1998). sTrop2-GFP
was accumulated in the TGN at 20°C, released by shifting
the temperature to 32°C, and monitored by time-lapse
confocal microscopy and correlative microscopy. Neither
the in vivo dynamics nor the ultrastructure of the sTrop2-
GFP-containing Tls differed significantly from those car-
rying VSVG-GFP. Thus, the tubular-saccular structures
of the GPCs observed in this study do not depend on the
level or the type of transfected cargo, and therefore pre-
sumably represent physiological GPCs.
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Ultrastructure of the Golgi Complex and of GPCs by
Traditional Thin Sectioning and EM

Having established the general structure and dynamics of
the GPCs, we wished to define their morphology and rela-
tionships with other organelles with a higher degree of de-
tail using thin (40-60 nm) sections. Since our current cor-
relative microscopy protocol does not allow for such
sections, we resorted to a traditional 20°C block protocol
followed by fixation and immunoperoxidase labeling at
various times after the shift to 32°C. Fig. 6 a confirms that,
as expected, cargo protein was retained in the Golgi at
20°C. Interestingly, it was present not only in the TGN but
also in medial and trans-cisternae. The cis-Golgi, ER, and
PM were unlabeled. After 5-10 min from shift to 32°C, nu-
merous VSVG-labeled objects appeared throughout the
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Figure 5. Visualization of a
GPC fusion site using scan-
ning EM. Formation, move-
ment, and fusion of GPC
(a—e, arrowheads; movie 7.1)
was observed under the con-
focal microscope within a
small region (a, black rectan-
gle) of a VSVG-GFP trans-
fected cell. The cell was fixed
exactly at the moment of
GPC fusion with the PM.
The cell surface was then la-
beled without permeabiliza-
tion using antibodies against
the VSVG ectodomain, and
subsequently with protein A
conjugated with 30 nm gold,
and prepared for scanning
EM. The same cell (f, ar-
rows) was identified on the
CELLocate grid (the total
area shown in a is displayed
by the dashed line). g shows
the area (indicated by the
small white rectangle in f)
where GPC fusion occurred.
The patch of gold particles
lying within the flattened in-
vagination of the cell surface
(g, arrowheads) is the GPC
fusion site indicated in e (ar-
rowheads). Bar: (a) 9.2 pm;
(b-e) 4.2 pm; (f) 104 pm;
and (g) 410 nm.

cytoplasm. As described in detail below, the overall size
and shape of these bodies was tubular-saccular, similar to
the GPCs identified by correlative microscopy. Therefore,
we assume that they are GPCs. Concurrent with GPC for-
mation, the Golgi complex decreased in label intensity
(Fig. 6 b). However, the trans components of the stacks re-
mained stained for up to 30 min after warm-up (data not
shown). In single sections, the GPCs appeared as long tu-
bules with diameters of 50-250 nm (Fig. 6, b—f) or as clus-
ters of tubules. GPCs were similar in cells whether or not
they had undergone a 20°C block (Fig. 6 ¢). Some round
profiles, most likely cross-sectioned tubules (see below),
and saccular structures were also visible (Fig. 6 d). A po-
tentially important observation was that a fraction of the
GPCs was closely associated with endosomes (data not
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Figure 6. Ultrastructure of
VSVG-GFP and VSVG con-
taining GPCs. Cells trans-
fected with VSVG-GFP (a
and b) or infected with ts-045
VSV (c-g) were fixed and
prepared for immunoelec-
tron microscopy using anti-
bodies against the lumenal
domain of VSVG. During
the 20°C block, VSVG-GFP
accumulated in the TGN and
in the medial and trans-cis-
ternae of the Golgi stack,
whereas the cis compartment
remained unstained (a, ar-
rows). Upon warm-up from
20 to 32°C, VSVG-GFP la-
beling was found not only in
the trans-most cisternae of
the Golgi (b, arrowheads)
and the TGN, but also in tu-
bular structures (b, arrows)
detached from the Golgi
stack. The PM was also la-
beled. The same type of la-
beled tubular structures (ar-
rows) positioned near the
PM or Golgi stack were also
visible in the cells shifted for
50 min from 40 to 32°C (c)
without a 20°C block. Periph-
eral GPCs appeared both as
elongated (d, arrows) or sac-
cular structures (d, arrow-
head). To check for colocal-
ization with the endocytic
structures, cells were labeled
with anti-VSVG antibodies
after uptake of WGA-gold
conjugate as an endocytosis
marker (e). It is evident that
no endocytic tracer was
found within the GPC (e, ar-
row), whereas the PM (e,
empty arrowheads) and mul-
tivesicular body (e, filled ar-
rowheads) were labeled with
WGA-gold. Some VSVG-
positive tubules (f, arrow)
appeared to be connected to

the PM. In some cases, an intensely labeled area appeared on the cell surface (g, arrow) presumably in relation to GPC fusion sites. Bar:

(a, b, d, e, and g) 500 nm; and (c and f) 400 nm.

shown). However, since no unequivocal continuities be-
tween the two structures were established, the relevance
of such contacts remains unclear. Some GPCs were lo-
cated near the trans-most Golgi cisterna (Fig. 6, b and c).
Occasionally, stained GPC-like bodies appeared con-
nected with the PM. At first look, these structures might
be either GPCs undergoing fusion, like those seen by cor-
relative light-EM, or alternatively, endocytic tubules con-
taining VSVG (Fig. 6, f and g). However, the latter case
can be excluded based on experiments with the endocytic
markers WGA, AlloA lectins, and cationized gold. When

Polishchuk et a. Ultrastructure of Golgi-to-Plasma Membrane Carriers

these gold-labeled tracers were added before release from
the 20°C block, the gold particles were found on the cell
surface, in clathrin-coated vesicles, some tubules, and mul-
tivesicular bodies (Fig. 6 e). However, they were never
seen in GPCs or in VSVG-positive membrane-connected
tubules (Fig. 6 €). Thus, the images in Fig. 6, f and g, most
likely correspond to GPCs fusing with the PM. When se-
rial sections were used for 3D reconstruction, many of the
GPCs that appeared in single sections as tubules (Fig. 7,
a—-h) were shown to be in fact flat, cisterna-like saccules
(Fig. 7, i and j). However, other GPCs were actual tubules.
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Tubular-saccular shapes were the most frequent. As noted
above, GPCs resembled the tubular-saccular TGN mem-
branes and were sometimes located in areas where the
TGN had the so-called peeling-off appearance (Ladinsky
et al., 1994; Clermont et al., 1995). Thus, serial sections
were necessary to tell whether the structures stained for
VSVG belonged to the TGN or were detaching GPCs.
Stained bona fide vesicles (defined as round profiles not
flanked by matching images in the two adjacent sections)
were virtually absent. Many nonstained vesicles could in-
stead be seen surrounding the Golgi stacks (Fig. 6 c), indi-
cating, incidentally, that our fixation procedure preserves
vesicular structures.

Discussion

This paper provides the first ultrastructural analysis of
transport intermediates, in this case GPCs, fixed at a time
chosen by the experimenter while monitoring the in vivo
dynamics of these carriers by time-lapse confocal micros-
copy. GPCs turn out to be pleomorphic, often very large,
and to fuse en bloc with the PM.

Two lines of evidence indicate that the tubular-saccular
GPCs are major mediators of constitutive traffic between
the Golgi and the PM. First, the amount of VSVG-GFP
transported out of the Golgi complex by GPCs in MT-
dependent fashion accounts for most (~60%) of the rate
of loss of VSVG-GFP from the Golgi complex. Second,
other potential VSVG-containing carriers, such as small
transport vesicles, are not detected by immunoelectron
microscopy. It cannot be excluded that such vesicles exist
and remain unlabeled; however, given the high efficiency
with which tubular-saccular GPCs label for VSVG in our
experiments (all of the GPCs analyzed by correlative mi-
croscopy were found to be stained), this appears unlikely.
How do we account for the fraction (40%) of traffic not
explained by the GPCs we observe? Our hypothesis is that
there are other GPCs that cannot be seen because they
reach the PM in areas lying just over or below the Golgi
complex, where they are masked by the fluorescent Golgi
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Figure 7. 3D reconstruction
of GPCs. Cells were treated
as in Fig. 4. VSVG-labeled
structures in 50-nm serial sec-
tions were photographed and
digitized for 3D reconstruc-
tion. a—h show eight consecu-
tive serial sections of the
GPC of interest. i and j depict
the surface of the GPC
(green) and its relationship to
the PM (red) at two different
angles. Although in each sin-
gle section the GPC ap-
peared as a tubule (arrows),
3D reconstruction revealed
the GPC as a flattened saccu-
lus positioned parallel to the
PM. Bar: (a-h) 500 nm; and
(i-j) 200 nm.

mass. This idea is supported by the observation that some
GPCs remain close to the Golgi apparatus after formation,
presumably because they do not dock on MT-based mo-
tors. They might thus belong to a subpopulation of carriers
that functions in an MT-independent pathway. This hy-
pothesis would also explain the ability of cells to secrete
VSVG in the absence of MTs (Lippincott-Schwartz, 1998),
since an MT-independent pathway might be able to ab-
sorb the extra load caused by the loss of the MTs in no-
codazole-treated cells.

How does our finding that GPCs are large and tubular-
saccular relate to the published literature on TGN-to-PM
transport? In vitro studies generally describe the TGN-
derived transport intermediates as vesicular. However, the
morphology of in vitro isolated intermediates depends on
the experimental conditions. These studies are based on
incubations with cytosol (Salamero et al., 1990; Van der
Sluijs et al., 1990; Musch et al., 1997) in the presence of
GTP or its nonhydrolyzable analogues such as GTPyS (for
review see Keller and Simons, 1997). When GTP was used,
the intermediates were found to be membrane fragments
of irregular shape, without a distinct coat, and with diame-
ters ranging from 50-200 nm (Salamero et al., 1990; Van
der Sluijs et al., 1990). This is surprising for bona fide vesi-
cles, which should have a uniform size and a spherical
shape (Musch et al., 1997). Therefore, the in vitro TGN-
derived vesicular structures might result from the break-
down of tubular-saccular GPCs during isolation (indeed,
mechanical stress is deleterious to tubulated structures
and may lead to their fragmentation; see Hopkins et al.,
1990). When experiments were carried out in the presence
of GTP«S, the TGN-derived carriers had, instead, the ap-
pearance of round coated vesicles (Musch et al., 1997).
However, the irreversible activation of G proteins is
known to produce nonphysiological events. In permeabi-
lized cells, for instance, in the presence of irreversibly
activated Sarlp, the intermediates derived from the ER
acquire the semblance of strings of coated vesicles inter-
connected with each other and with the ER itself (Ban-
nykh et al., 1997). Such structures are never observed in
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living cells. A similar phenomenon has been reported for
Golgi membranes treated with GTPyS (Weidman et al.,
1993). Thus, the formation of strings of vesicles might re-
flect the irreversible binding of coat proteins to the tubu-
lar-saccular GPCs. In conclusion, we think that the avail-
able in vitro data are compatible with our evidence on the
ultrastructure of GPCs in vivo.

As for the GFP-based studies of VSVG transport to the
PM (Hirschberg et al., 1998; Toomre et al., 1998; this pa-
per), our observations demonstrate that the fluorescent
carriers described by these authors correspond to tubular-
saccular structures and do not comprise clusters of vesi-
cles. Other authors (Nakata et al., 1998), as noted above,
have reported that apically-directed carriers in axons
appear tubular-vesicular in single EM sections. The 3D
structure of these neuronal carriers remains undefined;
however, it is plausible that they would appear tubular-
saccular in 3D reconstructions. Thus, the tubular-saccular
geometry of GPCs is likely to be a feature of GPCs in
many cells.

Such a geometry raises interesting mechanistic ques-
tions. Whereas the molecular mechanisms underlying the
formation of coated vesicles have been largely understood,
the process through which a GPC, a tubular-saccular body
of a size between one twentieth and one half that of a
Golgi cisterna, detaches from the TGN represents a hew
question. Perhaps GPCs derive from the fusion of vesicles
budded from the TGN in a fashion similar to that pro-
posed for the formation of Golgi-directed tubular-vesicu-
lar carriers from the ER (Bannykh and Balch, 1997). Al-
ternatively, and in our opinion more likely, GPCs might
originate via a mechanism (for reviews see Glick and Mal-
hotra, 1998; Mironov et al., 1998) involving the controlled
drawing out and then progressive breakdown of TGN ma-
terial from the Golgi body. The latter view appears more
consistent with the available light microscopy observations
(Hirschberg et al., 1998; this paper) and with EM pictures
suggesting that secretion involves the peeling off of TGN
elements from the Golgi complex (Clermont et al., 1995).
If this view is correct, the formation of a GPC would ap-
pear to be more similar to that of a secretory granule
rather than that of a transport vesicle. In addition, the oc-
casional presence of y-adaptin on GPCs could be consid-
ered as an indication that the biogenesis of these interme-
diates, like that of granules (Arvan and Castle, 1998),
requires maturation of TGN membranes via clathrin-
dependent removal of proteins not destined for constitu-
tive secretion (Glick and Malhotra, 1998; Mironov et al.,
1998). Further work is needed to establish which of the
above two models of GPC biogenesis is more satisfactory.

Some novel interesting features of GPCs have also
emerged from the analysis of their fusion with the PM.
GPCs fuse with the PM directly and en bloc, without any
previous dramatic shape change or breakdown into small
fragments. Fusion is preceded, in many cases, by a period
of up to minutes during which GPCs are tethered or
docked to the PM (Toomre et al., 1999) and exhibit fre-
quent oscillations. A similar prefusion behavior has been
reported in the case of secretory granules, and might be re-
lated to events preparing the carrier for the final fusion
step (Steyer et al., 1997). However, some GPCs end their
run through the cytosol by directly and immediately dis-
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solving in the PM. These carriers might be already mature
for fusion when they contact the cell surface. Also, some
docked GPCs appear to establish continuity with the ex-
tracellular space before completing fusion and cargo se-
cretion. This behavior occurs in ~50% of the cases, and
again, has been described previously for secretory gran-
ules. It might be due to transient, intermittent openings of
the fusion pores between GPCs and PM, a phenomenon
called flickering, extensively characterized in the case of
granules in mast cells (Monck and Fernandez, 1996). Fi-
nally, we note that our observation that GPCs discharge
cargo directly onto the PM does not appear to support
the idea proposed earlier, that constitutive cargo transits
through the endocytic compartment (Sariola et al., 1995)
(also, colocalization of VSVG-GFP with endocytic tracers
has been reported recently by Toomre et al. [1998]). How-
ever, we find that GPCs can make close contacts with en-
dosomes. Thus, it remains possible that at least part of the
cargo might enter endocytic structures through transient
interactions between the two organelles.
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